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Higher eukaryotes have channels, such as gap junctions and plasmodesmata,
that allow intercellular communication. Recent studies on endospore formation
in Bacillus subtilis suggest that an analogous structure may exist in
prokaryotes.Lee Kroos
Mothers of placental mammals nourish
their fetuses and remove waste
through umbilical cords. An analogous
role might be played by gap-junction-
like channels during bacterial
endospore formation, based on the
work of Camp and Losick [1]. The
channels connect two cell types that
form when Bacillus subtilis is starved
(Figure 1, top). The larger cell is called
the mother cell because it has long
been known to provide proteins
essential for the development of the
smaller cell, the forespore, into
a mature spore. For example, the
mother cell synthesizes about 60
proteins that assemble on the surface
of the forespore and protect the mature
spore from environmental insults after
it is released by programmed cell death
of the mother cell. However, the results
of Camp and Losick [1] suggest a more
intimate dependence of forespore
development on the mother cell than
previously suspected. Specifically,
channels are proposed to allow
exchange of metabolites between
the two cells and this appears to be
crucial for gene expression in the
forespore. If this feeding-tube model
is correct and the channels function
like gap junctions of eukaryotic cells
or, anthropomorphically, like very
short umbilical cords, it would provide
a new paradigm for bacterial
intercellular communication.
The existence of three
communication pathways between the
B. subtilis mother cell and forespore
has been known for nearly 20 years [2].
These pathways govern the activation
of sigma factors that directtranscription of particular sets of
genes in each cell type (Figure 1).
Two of the pathways involve secretion
of one or more signaling proteins
from the forespore under sF or sG
control, leading to activation of
membrane-embedded proteases
that cleave membrane-associated
precursors of sE or sK, respectively,
releasing the active sigma factors into
the mother cell [3,4]. Though unusual,
the two forespore-to-mother-cell
signal transduction pathways are
relatively well understood. In contrast,
the lone mother-cell-to-forespore
communication pathway linking sE
activity to activation of sG has defied
understanding.
Earlier work by Camp and Losick [5]
began to shed light on the mysterious
sE-to-sG pathway. They used elegant
genetic approaches to identify
SpoIIIAH (AH) and SpoIIQ (Q) as the
minimal components of the pathway.
AH is made under sE control in the
mother cell and is targeted to the
mother cell membrane that engulfs the
forespore (Figure 1, middle). A clue that
the sE-to-sG pathway might involve
channels came from the finding that
AH’s large extracellular domain is
similar to proteins that form multimeric
rings and are components of type III
secretion systems or flagella [5,6].
Moreover, AH’s extracellular domain
had been shown to interact with Q’s
large extracellular domain in the space
between the mother cell and forespore
membranes, after Q is made under sF
control in the forespore and targeted to
the forespore membrane [7,8]. Meisner
et al. [6] provided evidence for AH–Q
channels by cleverly showing that
biotin ligase made in the foresporeCURBIO 7242_7260could biotinylate the extracellular
domains of Q and AH. Interestingly,
although biotin ligase could apparently
enter the channels from the forespore,
it could not enter from the mother cell,
suggesting the channels have a smaller
diameter or are gated on the AH end.
Obviously, one would like to know
exactly what goes through the
channels to permit activation of sG
in the forespore. As a step toward
determining the nature of the signal,
Camp and Losick [1], in their recent
work, asked whether the channels
are specifically required only for
sG-dependent gene expression in the
forespore or are generally required for
transcription and/or translation in the
forespore. They took advantage of the
observation that a sF-dependent gene
fails to be shut off in cells lacking sG.
The resulting persistent expression of
this gene late in development was
observed to depend on the channels,
suggesting that the channels are
generally required for gene expression
in the forespore during the later
stages of development. However, sF
and sG are quite similar proteins,
leaving open the possibility that the
channels might convey a factor
specific to the activation of these
transcriptional regulators, rather than
a factor or factors generally required
for transcription and/or translation.
Therefore, Camp and Losick [1]
engineered B. subtilis to express
a gene encoding phage T7 RNA
polymerase (RNAP), a heterologous
enzyme, under the control of
a sF-dependent promoter and
measured expression of lacZ fused
to a T7-RNAP-dependent promoter.
Since T7 RNAP is a single-subunit
enzyme that does not require a sigma
factor, concern about competition
between sigma factors for binding to
core RNAP was eliminated. Strikingly,
they found that expression of the
T7-RNAP-dependent lacZ reporter in
the forespore requires the channels.
This result strongly suggests that the
channels are generally required for
transcription and/or translation in the
Dispatch
R453forespore around the time engulfment
is completed.
Camp and Losick [1] propose that
the channels are feeding tubes
through which the mother cell
supplies small molecules (e.g.,
nucleotides, amino acids, ATP) needed
for macromolecular synthesis in the
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Figure 1. Morphological changes and
communication pathways that govern sigma
factor activation during B. subtilis endospore
formation.
A diagram (top) of a sporangium after polar
septation creates the larger mother cell and
the smaller forespore, each receiving a copy
of the genome (not shown). sF RNA poly-
merase (RNAP) activity in the forespore
signals activation of sE in the mother cell.
The mother cell membrane migrates around
the forespore (middle, orange arrows), engulf-
ing it and pinching it off as a protoplast inside
the mother cell. Channels (green) composed
of SpoIIIAH (AH) and SpoIIQ (Q), and likely
associated with other proteins (not shown),
connect the mother cell to the forespore. sE
RNAP is responsible for expression of AH
(red arrows) but unknown is what transits
the channels (double-headed arrows) and
leads to activation of sG (or, more generally
speaking, is necessary for gene expression
in the forespore, based on the work of Camp
and Losick [1]) around the time engulfment is
completed. After completion of engulfment
(bottom), sG RNAP activity in the forespore
signals activation of sK in the mother cell.forespore. This model is attractive
because it explains how the forespore,
despite preparing for dormancy,
nevertheless expresses the large sG
regulon. Alternatively, or in addition,
the channels might allow waste to
escape (e.g., pyrophosphate,
phosphate, ppGpp) that would
otherwise inhibit gene expression.
This could anthropomorphically be
dubbed the ‘enema model’. In any
case, the channels appear to be
inactivated shortly after the completion
of engulfment [6,9], so feeding and/or
waste removal must be efficient
enough to allow subsequent
expression of the sG regulon, which
includes genes whose products
package the forespore chromosome,
prepare the spore for germination and
outgrowth when nutrients become
available, and signal activation of sK
in the mother cell [10].
While AH and Q are sufficient for
weak activation of sG in a mutant
background hypothesized to slow
the inactivation of AH–Q channels,
efficient sG activation in a wild-type
background requires eight additional
proteins [5]. Some of the additional
proteins are similar to components of
bacterial protein secretion systems or
flagellar protein export apparatuses,
suggesting that AH–Q channels might
serve as a scaffold for assembly of
a novel export system [6]. If this system
secretes a protein or peptide signal
from the mother cell into the forespore,
the work of Camp and Losick [1]
suggests that the signal functions
to relieve a general block to gene
expression. For example, the
signal could be an enzyme like
pyrophosphatase that removes an
inhibitor of transcription and
translation, or it could be a translation
initiation or elongation factor that
becomes limiting in the forespore. If
the signal is an essential protein or
a short peptide, it could explain why
extensive genetic screens missed the
gene encoding the signal. In this
scenario, the channels would not be
functioning like gap junctions or
umbilical cords, but rather as highly
specialized secretion channels.
More work is needed to determine
exactly how the channels allow the
mother cell to communicate with the
forespore so that the sG regulon is
expressed upon completion of
engulfment. Interestingly, proteins in
the sG-to-sK pathway (Figure 1,
bottom) also associate with theCURBIO 7242_7260channels prior to their inactivation,
so it appears that signals flow in both
directions at these discrete points of
connection, analogous to synapses
between eukaryotic neurons [8,11].
The mother cell and forespore have
an intimate conversation. Bacteria in
biofilms of consequence to human
health and activities are also in close
quarters and speak to each other not
only via diffusible signals but also by
ill-defined, contact-dependent
mechanisms [12]. It will be interesting
to see whether gap-junction-like
channels and/or specialized secretion
channels play important roles in
biofilm development.
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